Finite difference (FD) solutions for static and dynamic Winkler's foundation models are applicable in modeling pile responses. In this paper, relevant solutions on liquefaction induced lateral spreading are presented. Direct and indirect earth-pressure approximations and implementations are introduced. Pile foundation failures of 1995 Kobe earthquake were examined using these models. It was found that both the static and dynamic analyses could provide rational pile displacements in agreement with field observations. The largest pile displacements were found at the pile head from static modeling and the dynamic one using indirect earth pressures. For dynamic solutions with direct earth pressure approximations, maximum pile displacements were found at pile tip. These solutions seem reasonable to model different types of lateral spreading. The mechanism of ground motion, strongly affected by geologic and geographic site conditions as well as the soil-foundation-structure interactions, needs to be carefully verified before applying these solutions.
INTRODUCTION
Pile foundations subjected to liquefaction-induced lateral spreading under the earthquake have been extensively studied in the past decade. Seismic pile performance with this concern can be analyzed utilizing a rigorous FE technique, or much simpler one representing by Winkler foundation model. For static solutions of the later, the ground forces acting on pile could be obtained from two alternatives, 1. Direct earth pressure approach, available as the one suggested by Japan Road Association (1990), 2. Indirect earth pressure approach, in which the earth pressures are obtained from prescribed ground displacements and soil springs. The displacement profile could be represented by the one proposed by Tokimatsu and Asaka (1998) . The static Winkler model and nonlinear moment-curvature relationships of piles are often used for analysis of nonlinear pile responses. For dynamic solutions of the Winkler model, a two-step computational procedure has been suggested. It can be found that Chang et al. (2001 Chang et al. ( , 2003 , Boulanger et al. (2003 Boulanger et al. ( , 2007 , Arduino et al. (2005) , Lin et al. (2005) and JRA (1990) (Zhang et al., 1998) Solutions from CYCLIC-1D analysis, or modified T&A (1998) Model w/ Time Dependent Ground Displacement Profile Liyanapathirana and Poulos (2005) have all pointed out that free-field ground motions can be obtained first and then used to solve for the pile responses. Pseudo static pile displacements at any specific time can be obtained from the corresponding ground displacement profile. This simulation was found comparable to the static ones.
To analyze the seismic pile responses under earthquake, the authors have suggested discrete FD solutions for the dynamic Winkler model. For lateral spreading effects, preliminary study (2007) was made using the seismic earth pressures suggested by Zhang et al. (1998) . This model initially suggested for retaining structure was adopted ignoring the differences of geometry and structure/material rigidity. As the results, deformed shape and magnitude of the pile displacement were found compatible to the field observations of Ishihara and Cubrinovski (2004) , where the piles tilted to yield large displacements at the bottom.
For dynamic analysis using the indirect earth pressure approach, the permanent ground displacement profile (Tokimatsu and Asaka, 1998 ) is adopted and modified in this paper. Other than that, any feasible solution could be obtained from proper ground deformational analysis. Figure 1 illustrates available numerical schemes for the task problem. The discrete equations based on difference formulas of the static/dynamic modeling and the corresponding earth pressure approaches were presented next. Preliminary comparisons of these solutions were discussed for case studies on 1995 Kobe earthquake.
FIG. 1. Available numerical schemes of the task problem.

STATIC AND DYNAMIC FD FORMULATIONS
For static Winkler's foundation model, the governing equation and corresponding finite difference formulation are written as follows,
In Equation (1), E = Young's modulus of pile, I = pile's moment of inertia, 
, ,
where = mass density of the pile, A = area of pile's cross section. Similarly, Equation (4) could be evaluated using direct and indirect earth pressures. If the seismic earth pressures were known already, then Eq. (4) could be written as 
where
; j is the jth time step.
For prescribed ground motions applied to the indirect earth pressures, Eq. (4) can be solved as follows:
It is necessary to point out that the modulus of subgrade reaction, h k could be found in p-y models or simply determined from SPT-N values and undrained shear strength, u C for sands and clays, respectively. Again boundary conditions at the pile head and tip would affect these formulations. Long pile conditions were usually assumed at bottom of the pile. Modified equations need to be derived for boundary nodes and their neighboring nodes in pile shaft. The independent equations can save considerable time of computations. Details of the derivations and all the numerical formulations can be found in Lin (2006) and Yeh (2006) . Pile nonlinearities could be properly simulated using rigorous modeling or a simple treatment based on iterative analysis and moment-curvature relations of the pile (Ishihara and Cubrinovski, 2004) . A recent study conducted by Rajaparthy and Hutchinson (2006) using the program LPILE (Reese and Wang, 2000) to show useful performance measures for plastic hinge and maximum moment of the pile was also founded on moment-curvature behavior of the piles.
DIRECT AND INDIRECT EARTH PRESSURE MODELS
The direct earth pressure model has been suggested by Japan Road Association (1990) . Earth pressures of the upper crust and the liquefied layer were suggested as follows,
where 1 sin 1 sin
H are the unit weights and thickness of the layers. Note that the coefficients s c , NL c , L c are to be determined according to the distance to waterfront, the liquefaction potential index, L P and the engineering judgment. Pile shaft underneath the liquefied layer could be assumed either rigid or flexural. Eqs. (2) and (7) are combined to solve for the pile deformations. One must multiply Eq. (7) with the pile diameter to obtain corresponding loads for solutions. Ishihara and Cubrinovski (2004) adopted this method to analyze pile responses. For static modeling with the indirect earth pressures, the permanent ground displacement profile proposed by Tokimatsu and Asaka (T&A, 1998) are as follows,
where L = length of lateral spreading zone, H = thickness of liquefied layer, Note that in using this model, ground displacements are only applicable to the zone of lateral spreading. Soils underneath the zone are assumed stable, where no soil displacement would exist.
For dynamic modeling using Eq. (4), it is rather difficult to find proper direct and indirect earth pressure models as those discussed in static modeling. Ignoring the structural geometry and rigidity differences, seismic earth pressure model (Zhang et al., 1998) used for the embedded pile cap (Tokimatsu, 2003) may be used. The seismic earth pressures are simply modeled as follows. 
where peak H = peak of the integral, max a = peak ground acceleration. Displacement-time history of the soils at different depths will then have the same variations but different quantities according to this approximation.
CASE STUDIES ON 1995 KOBE EARTHQUAKE
Pile foundation damages reported by Ishihara and Cubrinovski (2004) Figure 3 . The main cracks along the shaft were found at the depths of 8~14m. Pile No. 2 have scraped wounds, and pile No. 9 was sheared off at the depth about 10.5 m . Both piles were found damaged by lateral spreading of the soils at the foundation site.
FIG. 2. Relationships of bending moment and curvature of pile
(from Ishihara and Cubrinovski, 2004). Table 1 . Fundamental properties of soils used in case studies.
In the simulations, seismic record of the NS-component of 1995 Kobe Earthquake is used. Table 2 depicts all the parameters used for the comparative analyses. Note that iterative technique is used to simulate the pile nonlinearities based on moment-curvature relationships shown in Figure 2 . Figures 4 shows the pile displacements from the static modeling using direct and indirect earth pressures for tank TA72. It can be seen that the maximum pile displacement from direct solution is lager than the one from indirect solution. The deviations between these solutions and the one made by Ishihara and Cubrinovski are caused by material parameters and boundary conditions. The maximum pile displacements are found at pile head rather than the bottom. Nevertheless, their magnitudes are similar to those shown in Figure 3 . On the other hand, Figure 5 depicts the ultimate pile displacements from the dynamic modeling where the direct pressure model was used. Note that in Figure 5 the difference of the peak displacements between pile head and pile tip is about the same order of field displacements. Unlike the static modeling, maximum pile displacements from the dynamic analysis are found at the bottom of piles. Although the pile displacement profiles from the static and dynamic solutions are quite different, their magnitudes are about the same. Furthermore, Figure 6 depicts the results from dynamic analysis using indirect earth pressure approach where modified Tokimatsu and Asaka model was adopted. The maximum pile displacement appearing at the pile head is found greater than the static ones. It can be seen that all these modeling can provide rational solutions for pile displacements with liquefaction-induced lateral spreading concerns. The static analysis would predict largest displacements at pile head because the earth pressures/ground motions applied are decreasing with the depth. Similarly, the dynamic modeling using modified indirect earth pressures would give largest pile displacements at pile head. Pile deformations at arbitrary time could also be reviewed. If the site was amplified by earthquake shaking and the surface ground motions are pronounced to cause shallow spreading, then one can use JRA and T&A models to analyze the pile foundation. In the contrast, dynamic modeling using seismic earth pressures would yield largest pile displacements at the bottom according to the depth-increased earth pressures. This approach implies that the lateral spreading can be modeled as a massive motion of the layered soils, in which the earth pressures could be increased with the depth. If the lateral spreading could affect the deep soils, then one should use the seismic earth pressure model for the modeling. As a result, the mechanics of lateral spreading and the soil-foundation-structure interactions should be examined prior to the analysis. Table 2 . Parameters used in various numerical solutions for the case studies.
CONCLUDING REMARKS
This paper discusses the static and dynamic FD solutions for Winkler's models on piles under lateral spreading. Direct and indirect earth-pressure models are both presented. Nonlinear pile responses could be obtained using iterative analysis with prescribed pile moment-curvature relationships. It was shown that the lateral spreading could be monitored through these solutions with careful calibrations for model parameters. Static modeling with direct and indirect earth pressures would result in maximum pile displacements at pile head. Dynamic modeling using modified indirect earth pressures can provide similar results and the pile deformations at a specified time. On the other Li quefi abl e Layer hand, dynamic analysis using direct earth pressures would yield largest pile displacement at the tip. Nevertheless, all the solutions can provide similar pile displacements to those observed in the field. The differences are mainly caused by the earth pressures and ground displacements in use. For routine design applications, one must understand that these simplified solutions are good for first approximation. They may lead significant errors by neglecting the complexities of the physical mechanism. For proper use of these solutions, the geological and geographic site conditions as well as the soil-foundation-structure interactions must be evaluated carefully prior to the analysis. 
FIG. 3. Lateral displacements and observed cracks of
